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Abstract 
Recording systems in neurophysiological research have to deal with high sensor impedances of 1 0ȍDQG DERYH
while having pretty low signal amplitudes of several μV. In cooperation with the German Primate Center Göttingen 
the Institute of Electromechanical Design develops a wireless recording system which can be carried by animals. 
Since common circuits and electrical parts for noise reduction used in stationary on-the-shelf systems are too space 
demanding for our device, we designed a simple input stage with an instrumental amplifier followed by cascade of 
programmable gain amplifiers.  
7KH ZLGHVSUHDG DSSURDFK RI GLPHQVLRQLQJ WKH DPSOLILHU¶V LQSXW UHVLVWDQFe as high as possible has appreciable 
disadvantages in design of compact mobile recording systems, such as leakage currents and parasitic resistances. 
Furthermore thermal noise increases significantly for broadband recordings. We could show, that accepting lower 
input impedance leads to an almost optimal signal to noise ratio and reduces design troubles for mobile devices. 
 
© 2011 Published by Elsevier Ltd. 
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1. Introduction 
In neurophysiological research, recording of neuronal activity (spikes) for understanding the brains 
inner relation is a common procedure. To explore the mechanism of single neurons, microelectrodes are 
inserted into the brain after the skull was opened by surgery. $FRQVWUDLQWRIWKHDQLPDOV¶PRYHPHQWVLV
necessary to prevent them from injuring themselves. Our approach is to develop a wearable wireless 
UHFRUGLQJ V\VWHP ZKLFK FDQ EH PRXQWHG RQ WKH DQLPDO¶V KHDG [1]. These microelectrodes have 
impedances in the range of 1 M and above. This requires to be taken into account when designing an 
input amplifier circuit. 
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2. Design of the input stage amplifier 
Following the subsequent strong limitations of acceptable weight and construction space, we choose a 
unipolar supply with a single battery, even though neuronal spikes have a bipolar waveform. To prevent 
the input stage amplifier from clipping negative input signals, a stable virtual ground is generated at 
medium level by a voltage-follower. Consequently the differential inputs of the amplifier must be tared 
symmetrically around the virtual ground. For this purpose both inputs are direct current decoupled with a 
capacitor and biased to virtual ground with a high impedance resistor Rin (Fig. 1). The downside effect is 
an input impedance limited to the chosen resistance. 
 
3. Analytical approach 
The common approach for the design of an analog input amplifier is to choose an instrumental 
amplifier with sufficient gain-bandwidth-product, with lowest possible noise and distortion and the 
highest possible input impedance. In the present case with high source impedance of 1 0DQGDERYHWKH
current noise has a much higher influence than the voltage noise.  
Due to the design decision of biasing both inputs to a virtual ground, the input impedance of the whole 
amplifier circuit is defined by both resistors Rin/2 in the first instance. As a result of the thermal electron 
motion with Rin a further noise source is added to the input stage. Its voltage-noise density is defined as 
follows: 
݁௡,ோ೔೙ = ඥ4݇஻ܶ ܴ௜௡ at room temperature: ݁௡,ோ೔೙,ଶ଴ι஼ ൎ 0.13 ڄ 10ିଽ
௏
ξு௭ڄξఆ
ڄ ඥܴ௜௡  
To be able to estimate the resulting input noise of the whole amplifier, we extend the circuit model by 
the semiconductor noise sources of the instrumental amplifier and a thermal noise source of the bias 
resistor Rin (Fig. 2). 
 
To find the value of Rin, two competing design conditions have to be taken into account. 
x The input impedance should be as high as possible to attenuate the input signal as low as possible. 
x The input impedance should be as low as possible to reduce thermal noise and additional noise voltage 
according to the low frequent parts of the current noise. 
Supplemental there are practical limits of Rin, especially for compact mobile devices. Parasitic 
resistances and capacitances on the PCB take up a reasonable limitation of all values where possible. 
Requirement Value 
Power supply unipolar / 3.7 V (LiPo) 
Signal amplitude 50μVPP – 10mVPP 
Frequency range 1 Hz – 10 kHz 
Electrode impedance a0 
Fig. 1: Reduced equivalent circuit of the discrete virtual grounded input amplifier stage with its requirements. 
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Because the signal’s strength is influenced by the value of Rin as well as the additional noise, we use 
the overall signal to noise ratio as a criterion for the optimization. 
 
For simplification the following assumptions are made: 
x The impedance of the signal source (electrode) is given by Rel. 
x No noise is generated by the signal source. 
x According to the small-signal model all capacitances are short-circuited. 
The resulting equivalent circuit diagram is shown in Fig. 2. Following the superposition principle the 
influence of all noise sources to the amplifier input may be evaluated separately and added 
subsequently [2]. 
 
First of all, the newly added noise source UN, Rin is divided over Rin itself and the signal source and the 
amplifier in parallel: 
 
ܷ௡௢௜௦௘,ଵ = ܷ௡,ோ೔೙ ڄ
ܴ௘௟ ڄ  ܴ௔௠௣
ܴ௜௡ ڄ ܴ௘௟ + ܴ௜௡ ڄ ܴ௔௠௣ + ܴ௘௟ ڄ ܴ௔௠௣ 
In a similar way the voltage noise of the amplifier is divided in the network. The influence to in 
amplifier input can be calculated to: 
ܷ௡௢௜௦௘,ଶ = ܷ௡,௔௠௣ ڄ
ܴ௘௟ ڄ ܴ௔௠௣ + ܴ௜௡ ڄ ܴ௔௠௣
ܴ௜௡ ڄ ܴ௘௟ + ܴ௜௡ ڄ ܴ௔௠௣ + ܴ௘௟ ڄ ܴ௔௠௣ 
The third remaining noise source is the input current noise of the amplifier, which is calculated 
following Ohm’s law: 
ܷ௡௢௜௦௘,ଷ = ܫ௡,௔௠௣ ڄ
ܴ௘௟ ڄ ܴ௔௠௣ ڄ ܴ௔௠௣
ܴ௜௡ ڄ ܴ௘௟ + ܴ௜௡ ڄ ܴ௔௠௣ + ܴ௘௟ ڄ ܴ௔௠௣ 
All three uncorrelated noise sources have to be added geometrically and it turns out, that Rin has to be 
minimized to achieve the lowest noise at the amplifiers input. 
ܷ௔௠௣,௡௢௜௦௘ = ටܷ௡௢௜௦௘,ଵଶ + ܷ௡௢௜௦௘,ଶଶ + ܷ௡௢௜௦௘,ଷଶ 
On the other hand, attenuation of the input signal at the amplifier inputs is: 
ܷ௔௠௣,௜௡ = ܷா ڄ
ܴ௜௡ ڄ ܴ௔௠௣
ܴ௘௟൫ܴ௜௡ + ܴ௔௠௣൯ + (ܴ௜௡ ڄ ܴ௔௠௣)
 
Fig. 2: Simplified equivalent circuit with noise sources. 
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For further processing of the signal the absolute magnitude of the noise voltage is not as important as a 
good signal-to-noise ratio: 
ܴܵܰ௔௠௣ = 20 ڄ ݈݋݃ ቆ
ܷ௔௠௣,௜௡
ܷ௔௠௣,௡௢௜௦௘
ቇ 
For an electrode impedance of 1 M and the instrumental amplifier INA126 from Texas Instruments 
Fig. 4 shows, that the value of Rin should be >10 M, but not necessarily much higher. 
 
4. Conclusions 
If an ohmic resistance has to be used in the input stage of an amplifier with a high impedance signal 
source, the resistor may be chosen as high as possible. But it has been shown that beyond a theoretical 
limit the SNR does not improve significantly anymore. Due to side effects by parasitic resistances and 
capacistances, the ohmic input resistance should be limited to reasonable values. 
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Fig. 4: Effective signal to noise ratio at the amplifier input. 
